We propose and numerically simulate a spintronic device layout consisting of a nanocontact on top of an extended Co/Pt bilayer. The interfacial Dzyaloshinskii-Moriya interaction in such bilayer systems can lead to the possible existence of meta-stable Skyrmions. A current injected through the nanocontact enables the manipulation of the Skyrmion size, the annihilation, and controlled nucleation of single Skyrmions with pslong pulses. The results are obtained from micromagnetic simulations and can be potentially used for future magnetic storage implementations.
Skyrmions in ultrathin perpendicularly magnetized films with Dzyaloshinskii-Moriya interaction (DMI) are a future candidate for magnetic information storage due to their intrinsic nanoscaled dimensions.
1,2 Controllable writing of single Skyrmions is therefore crucial for applications. Writing schemes have been studied that rely on the presence of an additional polarizing layer [3] [4] [5] [6] or a domain wall, 7, 8 leading to generally complex implementations. Recently, the generation of Skyrmions aided by spin Hall effect induced non-uniform torques in a simplified ferromagnetic metal (FM)/heavy non-magnetic metal layer structure was shown, however, lacking the controllability of writing single Skyrmions. 9 The heavy metal layer in this bilayer layout provides both the interfacial DMI as well as the spin Hall effect 10, 11 to induce pure spin currents into the ferromagnet. These spin Hall effect torques in FM/heavy metal bilayers are otherwise frequently used in spin Hall nano-oscillators. [12] [13] [14] [15] [16] Recent studies also show that the implementation of DMI into such spin Hall nano-oscillators 17 or the use of Skyrmions in spin torque oscillators 18 are promising for communication applications.
Here we propose a scheme, in which current injected into a nanocontact (NC) on top of a Co/Pt bilayer results in a spatially non-uniform spin torque, allowing for the manipulation of the Skyrmion size, the annihilation, and the controlled nucleation of single Skyrmions in an extended magnetic layer.
As a model system for the simulations serves a bilayer of Co (0.8 nm)/Pt (3 nm). Firstly, the current distribution and Oersted field in a bilayer disk of 1024 nm diameter with a centrally located NC of 30 nm diameter is calculated through a 3D model using the COMSOL Multiphysics modeling software. The assumed specific resistivities were ρ Pt = 12×10 −8 Ωm and ρ Co = 40×10 −8 Ωm. 19, 20 The calculated electrical current density J e in the Platinum layer, near the Pt/Co interface, is plotted in Fig. 1 for a current of 1 mA with the highest current densities being reached at the perimeter of the nanocontact. In the proposed layout and in the following micromagnetic simulations, only the in-plane components of the current in Pt are taken into account, as the calculations show that the vertical current flow underneath the nanocontact is negligible.
The current flowing radially away from the NC leads to a spin accumulation at the Pt/Co interface due to the spin Hall effect, resulting in a spin current into the Co layer. The ratio of the spin current density J s to J e is given by the spin Hall angle of Pt, which we assume to be 0.08 in our micromagnetic simulations, a value previously determined for similar Pt/FM bilayer systems. 21, 22 The polarization of the such calculated spin current is consequently set to 1 in our micromagnetic simulations. However, the direction of the accumulated spins and therefore the polarization orientation of the spin current is non-uniform as they are oriented 90
• away from the local in-plane current direction and thus are arranged similarly to a vortex. Overall, the implementation of the non-uniform spin torque from the spin Hall effect in our simulations is done in a similar way as it was successfully used for the micromagnetic description of spin Hall nano-oscillators. The micromagnetic simulations were done using the graphics processor unit (GPU)-based finite-difference micromagnetic solver MuMax3. 25 For these the free layer is discretized into a 1024 × 1024 × 1 grid, resulting in a cell size of 1 nm × 1 nm × 0.8 nm. The parameters of the Co layer are saturation magnetization M S = 1.31×10 6 A/m, exchange stiffness A = 22 pJ/m, Gilbert damping α = 0.3, and an out-of-plane anisotropy energy density of K ⊥ = 1.28×10 6 J/m 3 , all values extracted from Ref. 26 . The Oersted field is rather small, yet included in the simulations. The simulations are performed for the temperature T = 0 K, unless otherwise noted.
The influence of an interfacial Dzyaloshinskii-Moriya strength D ind and a small perpendicular magnetic field on the size of a Skyrmion placed in the center of the simulation area are plotted in Fig. 2(a) . For a too small D ind <1.5 mJ/m 2 the system will always relax into a uniform out-of-plane magnetized state and for a too large D ind the system tends to relax into a Skyrmion with a size similar to the simulation area or even multiple Skyrmions. In our study, we focus on the situation of isolated Skyrmions, i.e., where a relaxed Skyrmion has a size much smaller than the simulation area. As it is shown in Fig. 2(a) , such a state can be experimentally achieved for a large range of D ind with the application of a perpendicular magnetic field.
In a first step, we study the effect of a small current through the NC on the Skymrion size, which is plotted for zero field and D ind = 2 mJ/m 2 in Fig. 2(b) . The current is hereby switched on instantly after the Skyrmion has fully relaxed (0.5 ns). The new Skyrmion size is typically reached within less than 2 ns and decreases (increases) for positive (negative) currents. For currents ≥1 mA, the initial Skyrmion is annihilated and thus the broken symmetry in our model system enables us to delete a single Skyrmion, which is placed underneath the NC.
Experimentally it will be almost impossible to place an already existing Skyrmion, e.g., with a uniform in-plane current, exactly underneath the NC. However, in our geometry a small positive current also leads to a trapping of a nearby Skyrmion due to the motion from the Skyrmion Hall effect.
27 This is exemplarily shown in the inset of Fig. 2(b) for a current of 0.5 mA and a Skyrmion initially placed 100 nm away from the center of the NC (x = y = 0). One could also apply larger positive currents and thus speed up this trapping process, if the final aim was the annihilation of the Skyrmion.
Next, we discuss the case of an initially uniformly magnetized film, where a larger current is applied as a 30 ps long pulse, which leads to the controlled nucleation of a Skymrion underneath the NC. The pulse consists of 10 ps each rising time, constant current, and falling time, see inset of Fig. 1 , and is chosen solely to resemble an experimentally achievable pulse generator output. The following results do not rely on its exact shape and could be reproduced with, e.g., a 20 ps rectangular pulse. The case of zero applied field, D ind = 2 mJ/m 2 , and a current pulse of -22 mA is depicted in Figs. 3(a)-(g) . The spin transfer torque hereby leads to a temporary tilting of the magnetization into the film plane immediately around the perimeter of the NC, Fig. 3(b) , which then relaxes into a ring-like domain state, Fig. 3(c) . In this state the magnetization configurations at the outer and inner boundary of the reversed ring-shaped domain have a chirality, leading to a non-zero topological charge density. The topological charge density has reversed signs at both boundaries, and thus the Skyrmion number S still sums up to 0 over the whole area. However, while the system relaxes further, the ring-shaped area of reversed magnetization shrinks by moving both boundaries inwards. This eventually leads to the case where the inner area becomes infinitely small, Fig. 3(d) . Despite the topological charge of the inner area, it finally annihilates, Fig. 3(e) , and reverses its magnetization to give way to a further exchange energy minimization of the system. At this point, the resulting Skyrmion number becomes 1 and the magnetization finally relaxes to the (meta-)stable state of a single Skyrmion, Fig. 3(f) . The time needed for this process -until the stable Skyrmion radius is reached -as a function of the current pulse amplitude is plotted in Fig. 3(h) and shows a monotonic increase with a threshold current of -20 mA. A larger current results in a larger ring-shaped domain structure, which in-turn takes more time to relax. Positive current pulses of similar amplitudes do not result in the nucleation of a Skyrmion. In the case of zero field, only the exchange energy minimization at the domain boundaries drives the above described process after the pulse application. However, already the introduction of an additional 5 mT perpendicular field and its accompanying Zeeman energy promotes the shrinkage of the reversely magnetized ring domain, resulting in a significantly faster relaxation process.
The transportation of a such generated Skyrmion in a prospective magnetic storage application could be achieved by uniform in-plane currents. Assuming this possibility of controlled placement either on a straight line or even freely in two dimensions, it is important that newly generated Skyrmions are not affected by neighboring ones and vice versa. In Fig. 4 we show a simulation, where four Skyrmions are placed initially each 150 nm away from the NC. The current pulse amplitude is -22 mA and an out-of-plane field of 5 mT is applied to decrease the nucleation time. Except the occurence of the central new Skyrmion, it can be seen that the initial ones have been slightly rotated counter-clockwise (∼7 nm) around and pushed away (∼2 nm) from the NC. This is a result of the Skyrmion Hall effect, which was similarly used earlier for the trapping of a nearby Skyrmion. This misplacement naturally increases for larger or longer current pulses as well as for Skyrmions that are initially placed closer to the NC. In case they are placed too close to the NC, ∼50 nm for the conditions simulated here, no additional Skyrmion is nucleated and they rather merge with the initial ones. Due to both the increasing influence of nucleation on neighboring Skyrmions and the increasing nucleation time, the threshold current pulse amplitude can be considered as the ideal point for prospective applications.
As mentioned earlier, the findings of the controlled nucleation of a single Skyrmion are robust against changes in the exact current pulse shape. Moreover, the same results have been obtained with different simulation grids (1536 × 1536 × 1 and 768 × 768 × 1) as well as a NC placed slightly off-center (x = y = 0), both to exclude simulation artifacts. The size of the NC can be also varied, even down to a theoretical diameter of 0, without changing the results of the paper. The inclusion of a finite temperature T = 300 K in the simulations leads to changes in the state diagram of the Skyrmions, such that generally lower values of D ind are required for single isolated Skyrmions. However, after adjusting for this change, i.e., D ind = 1.5 mJ/m 2 instead of 2 mJ/m 2 for the simulations shown above, the annihilation and nucleation mechanisms of a Skyrmion underneath the NC are restored.
In summary, we have proposed and simulated a structure based on a NC placed on top of an extended bilayer film, where the DMI in the ultrathin Co is provided by a Pt layer, which also serves as a source of pure spin currents due to the spin Hall effect. In such a layout, individual Skyrmions are nucleated by negative polarity current pulses and annihilated by small positive currents.
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